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We report mass measurements of neutron-rich Ga isotopes 80−85Ga with TRIUMF’s Ion Trap for
Atomic and Nuclear science (TITAN). The measurements determine the masses of 80−83Ga in good
agreement with previous measurements. The masses of 84Ga and 85Ga were measured for the first
time. Uncertainties between 25 − 48 keV were reached. The new mass values reduce the nuclear
uncertainties associated with the production of A ≈ 84 isotopes by the r -process for astrophysical
conditions that might be consistent with a binary neutron star (BNS) merger producing a blue
kilonova. Our nucleosynthesis simulations confirm that BNS merger may contribute to the first
abundance peak under moderate neutron-rich conditions with electron fractions Ye = 0.35 − 0.38.
INTRODUCTION
Since the first discovery of a binary neutron-star (BNS)
system (PSR1916+16)[1], the merger of two neutron
stars has been considered a promising site for the pro-
duction of heavy elements by the rapid neutron capture
process, r -process [2–7]. The r -process in BNS mergers
provides a unique electromagnetic signature known as
kilonova/macronova [8–12]. Except for a few candidates
e.g. [13–17] such signatures were not clearly observed.
The situation changed with the observations of the gravi-
tational waves from the BNS merger (GW170817) [18, 19]
and the subsequent detection of the electromagnetic
counterpart (AT2017gfo) [20]. The optical, infrared and
ultraviolet spectra and their evolution agree well with
the macronova/kilonova model, constituting first direct
evidence that heavy elements, including the lanthanide
region, were synthesized by the r -process [21–24]. The
early blue emission [25–28], consistent with electron frac-
tions of around Ye ≈ 0.25 − 0.4 [29–31], suggests the
production of intermediate mass r -process nuclides with
masses below A < 140. However, there has been in gen-
eral no direct evidence for the production of elements
of the first r -process abundance peak, except one recent
study, which concludes the identification of strontium in
a reanalysis of the AT2017gfo specra [32].
R-process nucleosynthesis proceeds by (n, γ) neutron
captures in competition with (γ, n) photodissociation re-
actions and β-decay. Nuclei around the closed neutron























shown strong dependence of the final abundance pat-
tern on nuclear masses [37–41], β-decay rates [42–44], β-
delayed neutron emission [45], fission properties [46–48],
(n, γ) reaction rates [44], as well as to statistical quanti-
ties like strength functions and level densities [49].
Simulations show that magnetorotational super-
novae [33, 34] and BNS mergers [35, 36] can produce
the first r -process peak under moderate entropy, entropy
per nucleon ≈ 10 kB/nucleon, and moderately neutron-
rich conditions, electron fractions Ye ≈ 0.35.
To cast more light on the formation of the first r -
process abundance peak and investigate whether the
ejecta of a BNS merger can indeed be one of the pos-
sible sites for the formation of A ≈ 80 − 84 r -process el-
ements is of general interest. This requires BNS merger
r -process simulations with accurate nuclear physics prop-
erties. The formation of the first abundance peak offers
a unique opportunity for precision studies, because the
r -process runs closest to stability where a majority of
nuclear properties have been experimentally measured.
However to understand the synthesis of A ≈ 84 nuclei in
r -process models precise masses of neutron-rich Ga, Ni,
Cu and Zn isotopes are needed [37, 38].
Here we present the first experimental results for the
masses of 84,85Ga. They significantly reduce the nuclear
physics uncertainties for the synthesis of A ≈ 84 nuclei
in r -process models and allow a systematic investigation
of the formation of the first r -process peak.
EXPERIMENTAL DESCRIPTION
Neutron-rich Ga isotopes were produced by a ≈
480 MeV, 10 µA proton beam impinging on a UCx target
[50] at the ISAC facility [51]. The continuous, mass-
separated, beam from TRIUMF’s Ion Guide Laser Ion
Source [52] was accumulated and bunched in TITAN’s
Radio-Frequency-Quadrupole (RFQ) cooler-buncher [53]
and ion bunches were sent to the Multiple-Reflection
Time-of-Flight Mass-Spectrometer and isobar separator
(MR-TOF-MS)[54–56], operated at a 20 ms cycle time.
The radioactive ion beam (RIB), containing predomi-
nantly singly-charged Rb, Br and Ga, was captured in
the gas-filled RFQ system of MR-TOF-MS and trans-
ported to a dedicated injection trap. Natural Rb ions
from a thermal ion source were merged with the RIB via
an RFQ switch yard [57] to provide independent calibra-
tion ions.
In order to reach high resolving powers the flight path
is extended by storing ions for multiple reflections be-
tween two electrostatic ion mirrors [58]. The spectrom-
eter herein is based on [59, 60], using a dynamic time-
focus-shift [61]. The ions were kept between 330 and 372
turns in the mass analyzer resulting in flight times be-
tween 6.00 ms and 6.82 ms and yielding mass resolving
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FIG. 1. Time-of-flight spectra obtained with the MR-TOF-
MS around 84Ga+ confirming the identification of 84Ga+ by
blocking the resonant IG-LIS laser. The lower spectra shows
≈ 1200 84Ga+ ions from which the mass of 84Ga has been
determined. The red lines are fits to the data using Lorentzian
peak shapes.
chosen such that natural Rb ions did not interfere with
the RIB ions and arrive outside of the time-of-flight win-
dow of the RIB species. The ions were detected by a Mul-
tiChannelPlate (MCP) detector and the time of flight was
recorded using a time-to-digital converter (TDC, ORTEC
9353).
DATA ANALYSIS
In the MR-TOF-MS, the mass of an ion is determined
based on the non-relativistic relation between the mass
m, the charge q, and the time of flight ttof needed to
travel a certain flight path, resulting in m/q = c(ttof −
t0)
2. The measured time of flight ttof is the sum of
the real time of flight of the ion and a constant delay
t0 caused by signal propagating times. Measuring the
time of flight of one or more reference masses allows
determination of the calibration parameters. The de-
lay t0 depends on the system and data acquisition and
can be determined offline from an independent calibra-
tion. It was determined from 85Rb+ and 87Rb+ ions and
amounted to t0 = 116(3) ns. For the calibration of c a
dominant species from the RIB was chosen; see Tab. I.
To account for time-of-flight drifts, resulting from tem-
perature changes and instabilities, a time-dependent cal-
ibration was used [62].
The corresponding Ga peaks could be clearly identified
by their time-of-flight and by performing a measurement
with and without the resonant laser ionization step [65],
shown in Fig. 1 for 84Ga. To account for peak shape
dependent effects, particular for nearby or overlapping
peaks, two independent analyses were performed, using
Gaussian and Lorentzian line shapes, similar to [56]. The
final error on the mass value was calculated by quadrat-
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TABLE I. Mass measurements of singly-charged Ga isotopes performed during this experiment using TITAN’s MR-TOF-MS
in comparison to the values reported in AME2016 [63], the # indicates extrapolated values therein. In addition, the half-life
taken from [64], the number of isochronus turns (IT) the Ga ions were stored in the analyzer and the respective calibration
species are given.
Species t1/2 [64] No. of Calibrant Mass ExcessTITAN Mass ExcessAME2016 Difference
(ms) ITGa (keV/c
2) (keV/c2) (keV/c2)
80Ga∗ 1900(100) 366 80Ge −59 212(48) −59 223.7(2.9) −12(48)
81Ga 1217(5) 373 81Br −57 616(31) −57 628(3) −12(31)
82Ga∗ 599(2) 382 82Rb −52 974(31) −52 930.7(2.4) 43(31)
83Ga 308(10) 333 83Rb −49 258(25) −49 257.1(2.6) 1(25)
84Ga 85(10) 332 84Rb −44 094(30) −44 090(200)# 4(202)#
85Ga 92(4) 360 85Rb −39 744(37) −39 850(300)# −106(302)#
∗ These measurements were affected by an unresolved isomeric state in either the Ga isotope of interest or the calibration
species, see text for description.
 Assuming the measured state in 82Rb is dominantly the isomer at 69 keV, as suggested by spectroscopy at ISAC Yield
Station, the mass of 82Ga is −52 939(23) keV/c2.
ically adding: (a) the uncertainty from the fitting algo-
rithm (b) the statistical uncertainty of the ion of inter-
est, (c) the uncertainty of the calibration peak and its
uncertainty reported in the AME2016 [63] and (d) a sys-
tematic uncertainty of δm/msyst = 3 × 10−7 [66]. The
systematic uncertainty was redetermined from accuracy
measurements of 85Rb+ and 87Rb+. In order to elimi-
nate possible effects from ion-ion interactions the total
number of ions was kept below two detected ions per cy-
cle.
For the 80,82Ga measurements systematic effects, aris-
ing from unresolved isomeric states, had to be taken into
account. An isomeric state in 80Ga at 22.4 keV [67] and
in the calibration species 82Rb at 69 keV [68] could not
be resolved. The final mass values were corrected and
an additional uncertainty was added, according to the
procedures in AME2016 Appendix B.1 [69].
RESULTS AND DISCUSSION
The final results are summarized and compared to the
values given in the AME2016 [69] in Tab. I. The mass
values of 80,81,83Ga agree well with the AME2016 val-
ues, which are based on measurements performed by
JYFLTRAP [70]. Our result for 82Ga deviates by 1.3σ
from the previous measurement. Assuming the measured
state in the calibration species 82Rb is dominantly the
isomer at an excitation energy of 69 keV, as suggested
based on spectroscopy at ISAC Yield Station, the mass
of 82Ga results in −52 939(23) keV/c2, which is in good
agreement with the JYFLTRAP result. The masses of
84,85Ga were measured for the first time and are com-
pared to extrapolations in Tab. I.
Based on the mass values M , we calculate the two-
neutron separation energy S2n(N,Z) = M(Z,N −2)c2 +
2Mnc
2 −M(N,Z)c2, with Mn the mass of the neutron,
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FIG. 2. (Color online) Experimental two-neutron separation
energies S2n for Z = 30 − 33 (Zn to As) as a function of
neutron number taken from AME2016 [63], including [71].
For comparison, S2n values based on the new TITAN masses
(red) and based on commonly used mass models (FRDM [72],
Duflo-Zucker [73], ETFSI-Q [74], HFB-21 [75]) are shown.
and compare it in Fig. 2 to the neighboring isotopic
chains. The drop in S2n, associated with the closed neu-
tron shell at N = 50, can be seen in the Ga isotopic
chain [70]. The new S2n values for
84,85Ga confirm the
recurrence to a smooth trend beyond the N = 50 shell
closure and bring the Ga isotopic chain in line with the
neighboring Ge and As chains.
We compare the experimental S2n values to values
based on commonly used mass models (FRDM [72],
Duflo-Zucker [73], ETFSI-Q [74], HFB-21 [75]). For the
Ga isotopes in this region FRDM and HFB-21 show
overall good agreement, whereas ETFSI-Q systematical
predicts less binding and Duflo-Zucker over-predicts the
strength of the N = 50 shell closure. Beyond N = 54,
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FIG. 3. (Color online) Solar r -process abundance, with uncer-
tainty shown as gray band, in comparison to the abundance
resulting from neutron star merger network calculations for
different Ye using GSINet. The individual abundance curves
are shown with equal weights. The r -process abundance [7]
has been scaled to match the average production of 82Se. The
arrow indicates the A = 84 abundance maximum of the first
r -process abundance peak.
FRDM, HFB-21 and Duflo-Zucker all predict a continu-
ation of the smooth trend.
ASTROPHYSICAL IMPLICATIONS
To systematically study the formation of A ≈ 84 nu-
clei, (n, γ) and (γ, n) reaction rates corresponding to the
mass values of 84,85Ga were calculated using the Hauser-
Feshbach statistical code TALYS [76]. The resulting
cross-sections were initially used in two different nuclear
reaction network codes, GSINet [39] and SkyNet [77],
to calculate the r -process abundances. Comparing fi-
nal abundances from the two network codes showed that
both predict almost identical results, highlighting the ro-
bustness of the network codes themselves.
The masses of 84,85Ga modify the reaction rates around
83−86Ga; nuclei not affected were taken from JINA REA-
CLIB [78]. Where available, experimental masses from
AME2016 were used, otherwise masses based on the
FRDM mass model [72] were taken (with exception of
84,85Ga). To quantify the uncertainty of the final abun-
dance associated with the mass values of 84,85Ga we use
a Monte Carlo type approach. The masses of 84,85Ga
were randomly varied within a normal distribution with
σ according to the uncertainty of their extrapolated mass
values given in the AME2016 [63]. For a set of one hun-
dred possible combinations of mass values drawn from
the uncertainty distribution (n, γ) cross-sections were
calculated. Combinations that would result in inverted
odd-even effects for the one-neutron separation ener-
1 0 - 5
1 0 - 4
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FIG. 4. (Color online) (a) Final abundances averaged over
calculations with Ye = 0.35 − 0.38 compared to the solar r -
process abundance [7], with uncertainty shown as gray band.
The colored bands show the one, two and three sigma change
in calculated production, as well as the maximum and min-
imum abundance from the Monte-Carlo variation of the nu-
clear masses of 84,85Ga following a Gaussian distribution with
σ of 200 and 300 keV, respectively. For the new mass values
only the maximum and minimum abundance band from the
variation within their uncertainty is shown. (b) Change, in
percent, of the abundance pattern as a result of using the
mass values from this work compared to the extrapolations
given in the AME2016.
gies in the Ga isotopic chain were excluded. By us-
ing each combinatioin in a GSINet calculation an esti-
mate for the overall uncertainty of the final abundances
was obtained. The procedure was repeated using the
new 84,85Ga mass values and respective uncertainties.
β-decay rates and β-delayed neutron emission branches
were taken from NUBASE [64], including recent measure-
ments [71, 79, 80]. Otherwise, values from theoretical
predictions [81] were used.
The thermodynamic evolution was parametrized as-
suming a free homologous expansion [35]. Starting
from an initial temperature of 6 GK and entropy of
10 kB/baryon the expansion timescale was chosen to be
7 ms. Qualitatively, our results are robust with respect to
variations of the initial entropy and expansion timescale
within a factor of two. We calculate the abundance after
1 Gyr for a wide range of initial Ye between 0.28 − 0.43,
consistent with the lanthanide-free ejecta of the blue kilo-
nova.
In Fig. 3 we show a subset of these in comparison to the
abundance (traditionally) assigned to the solar r -process
[7], obtained by subtraction of the s-processes from the
solar abundance. The abundance pattern in the region
of the first r -process peak is associated with large uncer-
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tainties due to admixtures of weak- and main s-process.
However for A = 79 to 85 species the r -process residuals
have been estimated more precisely with uncertainties of
about ≈ 20 to 50%, see grey error band in Fig. 3 and 4.
This is important for a precision study, because it allows
for a fine investigation and comparison of the production
with BNS merger calculations. We focus on this region,
where we choose 82Se as a reference isotope, because it is
shielded from contributions of the s-process and requires
a pure r -process source. The outstanding features in this
mass region are the abundance maxima at A = 80 and
A = 84.
Nucleosynthesis under neutron-rich conditions, similar
to those explored in the present work, has been studied
assuming nuclear statistical equilibrium (NSE) [82]. In
our full-scale network calculations we find that NSE pro-
vides a good description of the abundances for tempera-
tures above 4.5 GK. Below this temperature the network
and NSE abundance distributions result in very different
peak structures. As an example, for Ye = 30/80 = 0.375
NSE produces only A = 80 nuclei while the network pro-
duces a broader distribution of nuclei including peaks at
A = 80, 81 and 84 (see Fig. 3). In our network cal-
culations Ye between 0.35 − 0.38 provide the strongest
contribution to the mass region around the A = 80 and
A = 84 abundance peaks. Lower Ye overproduce the
A = 90 − 120 region by more than one order of mag-
nitude and were therefore discarded. Ye above 0.39 do
not reach the A = 84 abundance maximum, as shown
in Fig. 3, or produce only reduced amounts of A = 84,
as e.g. shown for Ye = 0.41, and were not considered
further.
In Fig. 4 we compare our results with the solar r -
process abundances in the region A ≈ 80 − 90. We
include uncertainty bands showing the variation of the
abundances arising from the error bars of the masses
of 84,85Ga. Calculations within Ye = 0.35 − 0.38 were
combined with equal weight. The new 84,85Ga mass val-
ues affect the abundances of elements with mass number
A = 82 − 87 with the biggest impact on A = 83, which
changes by about ≈ 15% despite the small change in mass
value (see explanation of the formation in Sec. ).
Furthermore, the uncertainty of the production of the
r -process-only reference isotope 82Se is significantly re-
duced to a level now comparable to the uncertainty of its
r -process residual, which is crucial for drawing quantita-
tive conclusions about the production in this region.
For combinations of mass values leading to a low neu-
tron separation energy of 85Ga, the formation of a A = 84
abundance peak is reduced (see lower limit error band
Fig. 4). The new mass values reduce the uncertainty of
the final abundance sufficiently and the formation of an
abundance peak at A = 84 becomes plausible.
The calculations show in general a good agreement
compared to the solar r -process abundance, particularly



















































(n, )( , n)
( )
( n)( 2n)
FIG. 5. (Color online) Time integrated reaction flows at
Ye = 0.35 from the freeze-out of the r -process at a neutron-
to-seed ratio of unity until the final abundances are estab-
lished, relevant for the nucleosynthesis in the mass regions
A = 78 − 86. Most abundant nuclei at freeze-out are marked
with solid circles. Grey filled squares indicate stable nuclei.
Red squares indicate nuclei for which the reaction rates have
been affected by the uncertainties of the mass value of 84Ga
and 85Ga, while black ones indicate the abundance peaks at
A = 80 and A = 84, corresponding to 80Se and 84Kr. Color
coded arrows indicate the intensity of the flow.
strong overproduction at A = 81, possibly A = 86 and
A = 87 and a reduced production at A = 90.
Formation of the Final Abundance
The formation of the final abundance curve is illus-
trated by the nuclear reaction flows shown in Fig. 5 based
on the calculation with Ye = 0.35. They indicate the
importance of β-delayed neutron emission and late time
neutron captures. When taking the new mass values into
account, most major nuclear physics inputs required for
the formation of the A = 84 abundance peak in BNS
mergers are now in place. This is a unique situation at
the first r -process peak and allows for the identification of
remaining key nuclei, whose masses and decay properties
(half-lives and β-delayed neutron emission) are urgently
needed to fully understand the possible formation of the
first r -process peak in BNS merger calculations.
For the conditions considered here, the A = 80 (80Se)
peak in the solar r -process residuals is mainly produced
at theN = 50 neutron magic number as 80Zn in the range
Ye ≈ 0.36 − 0.37. The A = 84 (84Kr) peak is produced
for the whole range of Ye values considered with contri-
butions from the neutron-rich Ga isotopes measured in
the present work. 84Ga, having an odd-neutron num-
ber and a strong β-delayed neutron emission branching
of about ≈ 50% [79], does not contribute significantly
to the final abundance of A = 84. The final abundance
of 84Kr results mostly from the decay of 85Ga. 85Ga is
the most abundant species in the Ga isotopic chain at
the freeze-out of the r -process as it has an even number
6
of neutrons. Due to its high β-delayed neutron emission
branching of ≈ 70% [80] it dominates the production of
84Kr.
The solar r -process residuals for A = 86 (86Kr) and
A = 87 (87Rb) are very uncertain, hence the differences
might arise from uncertainties in the s-process abundance
[83], which however can only account for some of the dis-
crepancy. To further investigate this overproduction pre-
cise masses and β-delayed neutron emissions of 86,87Ga
and 86–88Ge are needed. We note that recently β-delayed
neutron emissions of 86,87Ga have been reported [84], but
are not yet included in our calculations. Masses of more
neutron-rich Ge will also confine possible production of
strontium in BNS mergers [32].
The A = 81 (81Br) abundance is produced mainly from
β-delayed neutron emission of 82Zn, whose half-life ex-
hibits some inconsistencies (228(10) ms [85], 178(2.5) ms
[86], 155(20) ms [87]), but more importantly, the masses
of 83,84Zn, that determine the neutron capture flow be-
yond 82Zn and therefore its freeze-out abundance, are
not experimentally known and as such might alter the
production of 81Br.
CONCLUSION
In summary, using TITAN’s MR-TOF-MS we were
able to measure the mass of neutron-rich Ga isotopes
84Ga and 85Ga for the first time with uncertainties be-
tween 25–48 keV. Performing r -process nucleosynthesis
calculations for conditions possibly prevalent in the ejecta
of the GW170817 BNS merger, we show how light r -
process elements may be produced. In our BNS merger
calculations electron fractions with Ye = 0.35− 0.38 con-
tribute to the formation of the first r -process abundance
peak. Under these conditions, we demonstrate that at
moderate neutron-rich conditions BNS merger calcula-
tions can produce the A = 84 abundance feature of
the solar system r -process residuals. Reducing nuclear
physics uncertainties associated with 84,85Ga isotopes is a
step forward constrain nucleosynthesis of light r -process
elements. In order to understand additional fine fea-
tures of the abundance pattern, e.g. the production of
strontium in BNS merger, additional nuclear physics un-
certainties need to be addressed. In particular, nuclear
masses and decay properties of more neutron-rich Ge and
Zn isotopes are needed.
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[81] P. Möller, B. Pfeiffer, and K.-L. Kratz, Phys. Rev. C 67,
055802 (2003).
[82] D. Hartmann, S. E. Woosley, and M. F. El Eid, Astro-
phys. J. 297, 837 (1985).
[83] G. Cescutti, R. Hirschi, N. Nishimura, J. W. d. Har-
togh, T. Rauscher, A. S. J. Murphy, and S. Cristallo,
Monthly Notices of the Royal Astronomical Society 478,
4101 (2018).
[84] R. Yokoyama, R. Grzywacz, B. C. Rasco, N. Brewer,
K. P. Rykaczewski, I. Dillmann, J. L. Tain, S. Nishimura,
D. S. Ahn, A. Algora, J. M. Allmond, J. Agramunt,
H. Baba, S. Bae, C. G. Bruno, R. Caballero-Folch,
F. Calvino, P. J. Coleman-Smith, G. Cortes, T. Davin-
son, C. Domingo-Pardo, A. Estrade, N. Fukuda, S. Go,
C. J. Griffin, J. Ha, O. Hall, L. J. Harkness-Brennan,
J. Heideman, T. Isobe, D. Kahl, M. Karny, T. Kawano,
L. H. Khiem, T. T. King, G. G. Kiss, A. Korgul,
S. Kubono, M. Labiche, I. Lazarus, J. Liang, J. Liu,
G. Lorusso, M. Madurga, K. Matsui, K. Miernik,
F. Montes, A. I. Morales, P. Morrall, N. Nepal, R. D.
Page, V. H. Phong, M. Piersa, M. Prydderch, V. F. E.
Pucknell, M. M. Rajabali, B. Rubio, Y. Saito, H. Saku-
rai, Y. Shimizu, J. Simpson, M. Singh, D. W. Stracener,
T. Sumikama, R. Surman, H. Suzuki, H. Takeda,
A. Tarifeño Saldivia, S. L. Thomas, A. Tolosa-Delgado,
M. Wolinska-Cichocka, P. J. Woods, and X. X. Xu, Phys.
Rev. C 100, 031302 (2019).
[85] M. Madurga, R. Surman, I. N. Borzov, R. Grzywacz,
K. P. Rykaczewski, C. J. Gross, D. Miller, D. W.
Stracener, J. C. Batchelder, N. T. Brewer, L. Cartegni,
J. H. Hamilton, J. K. Hwang, S. H. Liu, S. V. Ilyushkin,
C. Jost, M. Karny, A. Korgul, W. Królas, A. Kuźniak,
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